A facile method for fabricating thin films of granular tungsten oxide (WO 3 ) particles decorated with nickel oxide (Ni 2 O 3 ) nanoparticles was developed for high response NH 3 gas sensor. The WO 3 granular film was fabricated by sputter deposition of tungsten, followed by oxidation. Ni 2 O 3 nanoparticles were deposited onto the WO 3 film by arc-discharge deposition of single-wall carbon nanotubes (SWCNTs) with Ni catalyst nanowires, followed by burning the carbon nanotubes. The Ni nanoparticle catalysts deposited on the SWCNTs were then oxidized to Ni 2 O 3 . The Ni 2 O 3 nanoparticles on the surface exhibited a catalytic role in ammonia gas reactions. A maximum response of 13.5 at operating temperature of 250°C to 200 ppm NH 3 gas concentration was found. In addition, the gas sensing mechanism of Ni 2 O 3 decorated WO 3 film was also discussed in this study.
Introduction
Metal oxide semiconductors, such as SnO 2 , ZnO, In 2 O 3 and WO 3 have shown remarkable advantages in gas sensing because of their unique combination of interesting properties: high chemical stability, high response, good electrical, optical, and piezoelectric behavior, non-toxicity, and low price. 1) Sensor performance has been improved significantly by decorating sensing-layer surfaces with noble metals and metal oxides catalysts. 15) However, sensor properties can be improved further with the application of nanostructures on sensing probes. Thus, a SnO 2 and In 2 O 3 thin films decorated with Ni 2 O 3 has been developed for a high-response methane sensor. 6, 7) In this work, similar fabrication method was used to WO 3 film. The WO 3 film was prepared by W metal sputtering following oxidation. The method of decorating Ni 2 O 3 nanoparticles on WO 3 film is unique. Ni wires were used for the arc discharge synthesis of single-wall carbon nanotubes (SWCNTs) and dispersed among the SWCNTs. As the WO 3 film SWCNTs coating burns up, Ni is oxidized to Ni 2 O 3 , which is then deposited onto the film.
Experimental
SiO 2 (300 nm)/Si substrates (5 mm © 5 mm © 0.6 mm) were ultrasonicated in acetone, methanol, and deionized water for 15 min each and subsequently blow-dried with nitrogen gas. The experimental procedure is similar to that in previous works. 6, 7) Bar-type Pt (120 nm)/Ti (30 nm) electrodes were patterned by sequential DC sputtering of Ti and Pt through a shadow mask. Tungsten (W, 99.99% purity) was then deposited by sputtering onto the patterned substrates through a shadow mask. Tungsten metal was deposited at room temperature under 0.45 Pa argon pressure and 70 W power input. The WO 3 films agglomerated into various sizes of nanoparticles during oxidation (700°C for 2 h in air).
Under a shadow mask, the WO 3 film substrate was mounted on the inner wall of the arc-discharge chamber for Ni 2 O 3 coating. SWCNTs were conventionally synthesized for 4 min with 40 A cm ¹2 arc discharge current density under 5.3 © 10 4 Pa hydrogen atmosphere. 8, 9) As the source of Ni, four Ni wires with 0.2 mm diameter were inserted into a hollow graphite tube. SWCNTs with dispersed Ni metal catalyst particles were then coated onto the WO 3 film. The samples were treated with methanol to promote adhesion of the SWCNTs onto the WO 3 film. Finally, the samples were oxidized with air at 500°C for 2 h to remove the carbon nanotubes and converted the Ni particles to Ni 2 O 3 . The Ni 2 O 3 nanoparticles deposited onto the surface of the WO 3 film while the SWCNTs burn up. Following previous results, the optimum thickness of Ni 2 O 3 at the maximum response of the sensor was obtained at the arc-discharge time of 4 min. 6, 7) Therefore, the arc-discharge time of Ni deposition in this study was performed for 4 min.
Surface morphology and structural properties of the sensing film were investigated by field-emission scanning electron microscopy (FE-SEM; JSM 700F; JEOL), X-ray diffraction (XRD; D8 DISCOVER; Bruker AXS, Germany, with a CuK¡ radiation), and X-ray photoelectron spectroscopy (XPS; VG Multilab 2000; Thermo VG Scientific, UK). The schematic of the apparatus used for measuring the sensing property is shown in our previous study. 10) Gas sensing properties were measured using a pico-ammeter/ voltage source (Keithley 6487). A 1000 ppm NH 3 gas in nitrogen was used for analysis, which was further diluted in dry air by varying the NH 3 gas concentrations at a constant dry air flow rate of 300 sccm. The sensor response was calculated by ratio of R i /R g , where R i is the baseline resistance in dry air and R g is the resistance under the NH 3 analyzing gas flow.
Results and Discussion
The FE-SEM morphologies of the WO 3 and Ni 2 O 3 -decorated WO 3 films are shown in Figs. 1(a) and 1(b), respectively, wherein higher magnification is presented in the inset of Figs. 1(b) . Results showed that WO 3 film was formed through the distribution of WO 3 particles in various sizes about 80 nm. Ni 2 O 3 nanoparticles accumulated on the WO 3 film as residues when the SWCNTs burn up. Ni 2 O 3 nanoparticles at the scale of 10 nm barely changed the roughness of the WO 3 film surface, as shown in Fig. 1(b) . The XRD patterns of the WO 3 film (oxidized at 700°C), Ni 2 O 3 clusters (oxidized at 500°C), and Ni 2 O 3 -decorated WO 3 film (oxidized each at 700 and 500°C) are presented in Fig. 2 , which provides further insights on the crystallinity of the products. As shown in Fig. 2 , a monoclinic WO 3 structure (JCPDS file no. 43-1035) has typical peaks at (002), (112), (122), (222), (320), and (004) and a hexagonal Ni 2 O 3 structure has main peak at (202) (JCPDS file no. 14-0481).
To further investigate the surface composition, binding energy, and chemical states of the elements in the samples, XPS measurements on pure WO 3 and Ni 2 O 3 -decorated WO 3 film were conducted. The spectrum at Fig. 3 revealed the presence of W, O, and C in both samples; however, Ni observed clearly only in Ni 2 O 3 -WO 3 . The peak at 288.09 eV is attributed to CO 2 adsorbed on the surface of the film.
11) As shown in Fig. 3 , when the WO 3 film surface was decorated with Ni 2 O 3 , the characteristic peaks for WO 3 slightly decreased in intensity.
The high-resolution XPS spectra of W (4f ) for both samples (Fig. 3(b) ) shows two typical peaks, which are assigned to W4f 7/2 and W4f 5/2 , respectively. These peaks corresponded to oxidation state +6 of tungsten atoms (WO 3 ). 12, 13) The shift of these peaks toward lower binding energy in Ni 2 O 3 -decorated WO 3 film can be attributed to photoelectrons emitted from the lower oxidation states of tungsten (sub-stoichiometric WO 3¹x ).
12) The high resolution Ni(2p) peak of the Ni 2 O 3 -decorated WO 3 film is shown in Fig. 3(c) . The peak at 856.3 eV is attributed to Ni(2p 3/2 ), whereas the peak at 874.5 eV corresponds to Ni(2p 1/2 ). The Ni(2p 3/2 ) peak at 856.3 eV proves the existence of Ni 3+ in the Ni 2 O 3 -decorated WO 3 film.
13) The 856.3 eV binding energy of Ni(2p 3/2 ) is similar to that of Ni 2 O 3 . 13, 14) Satellite peaks of Ni(2p 3/2 ) and Ni(2p 1/ 2) resulting from the shake-up process 15) were observed at 862.4 and 880.8 eV and denoted as S1 and S2, respectively. Although Ni 2 O 3 peaks were not distinct in XRD measurements, the XPS spectrum clearly confirmed the presence of Ni 2 O 3 . Therefore, decoration of the WO 3 surface with Ni 2 O 3 nanoparticles was achieved. Both XRD and XPS results supported strongly the formation of Ni 2 O 3 with Ni +3 ions. The high-resolution O(1s) peak of pure WO 3 and Ni 2 O 3 -decorated WO 3 samples exhibited two overlapping peaks as shown in Fig. 3(d) . Fitting the O(1s) peak to a typical Gaussian function revealed two resolved peaks, peak (1) and (2), with 531 and 532.3 eV binding energies, respectively. Peak (1) corresponds to lattice oxygen ions in the WO 3 crystal. 13, 16) whereas peak (2) may have been caused by adsorbed ions, such as OH groups, oxygen ions, or other bounded oxygen-related species. 17) Notably, the intensity of peak (2) over that of peak (1) increases after Ni 2 O 3 decoration; thus, the Ni 2 O 3 -coating has increased the defective sites on WO 3 . This surface condition may enhance and promote NH 3 decomposition and/or reaction through adsorption of oxygen ions, resulting in higher sensor response.
To investigate the NH 3 gas sensing properties of the Ni 2 O 3 -decorated WO 3 sensor, the dynamic response characteristics of the Ni 2 O 3 -decorated WO 3 sensor upon exposure to 200 ppm NH 3 gas at different operation temperatures are measured, as shown in Fig. 4(a) . The optimum operation temperature of the sensors was determined at 250°C (Fig. 4(b) ). At the optimal working temperatures, the highest responses of pure WO 3 and Ni 2 O 3 -WO 3 sensors to 200 ppm NH 3 were ³5 and ³13.5, respectively. A significant response enhancement was observed with Ni 2 O 3 decoration. When pure WO 3 and Ni 2 O 3 -decorated WO 3 sensors are exposed to . This ionosorption of oxygen narrows the conduction channel and increases the resistance of the sensor. When the sensor is exposed to NH 3 gas, NH 3 molecules react with the absorbed oxygen ions on the surface of the sensing body (i.e., 2NH 3 
, thereby decreasing the resistance of the sensor because of the reduction of oxygen ions. The higher response of the Ni 2 O 3 -decorated WO 3 sensor compared with pure WO 3 sensor can be attributed to three possible reasons as discussed in our previous results. 6, 7) First, with the addition of Ni 2 O 3 , p-n junction is formed at the interface between Ni 2 O 3 and WO 3 . The formation of the p-n junction did not directly enhance the response of the sensor; however, sensor response can be enhanced if the WO 3 channel was driven near the total depletion condition brought about by the formation of p-n junction. Nanostructural sensor has been shown to exhibit maximum response when the sensor condition (doping and size) is close to the total depletion condition. 9) Therefore, if the p-n junction formation drove the WO 3 layer near the total depletion condition, the sensor response can be enhanced by the Ni 2 O 3 -decoration. Second, the decoration of Ni 2 O 3 nanoparticles on WO 3 films produced higher surface roughness and area, which leads to increase in gas absorption sites. Third, Ni 2 O 3 can play a catalytic role for decomposition of NH 3 , possibly through the 3 sensor upon exposure to a wide range of varying NH 3 concentrations at optimal operation temperature of 250°C were investigated as shown in Fig. 5(a) . The results demonstrate the capability of the material to detect down to 25 ppm of NH 3 with the electrical resistance change of about four times. The linearity of the sensor's response in ppm concentration ranges are summarized in Fig. 5(b) .
Conclusions
Ni 2 O 3 -decorated WO 3 film NH 3 sensors were fabricated. The proposed method of coating WO 3 with Ni 2 O 3 nanoparticles to obtain high surface area and roughness. The Ni 2 O 3 WO 3 sensor showed higher performance than pure WO 3 sensor. The synergetic effects of Ni 2 O 3 in NH 3 sensing are its catalytic role and increased surface area for molecular adsorption. The XPS results showed the oxygen-related defective bindings generated by the Ni 2 O 3 coating on the Ni 2 O 3 WO 3 surface and/or interface. These defective binding sites could promote the decomposition of NH 3 and/or surface reactions as observed with the formation of p-Ni 2 O 3 / n-WO 3 junction. However, this phenomenon is not directly related to the enhanced response.
